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In a biolistic process, drug coated micrometallic particles are propelled at very high speeds to penetrate soft tissues and transfer the drug locally to treatment sites in the human body. 1 While the pharmacological effect can be attained with minimum invasion and side effects using the biolistic approach, there is a disadvantage associated with the heavy metallic particles remaining in the treated cells after the coated drug is disseminated. This disadvantage has limited the use of the biolistic method widely to external treatment sites, such as skin, in the human body. If the limitation associated with the heavy metallic particles is circumvented, then the biolistic process can also be applied to deliver vaccines to internal treatment sites in the human body, which can be useful in the treatment of several inherent diseases. 2, 3 In view of the above, we modified a laser based biolistic device 4, 5 to deliver liquid microjets into soft targets. The drug holder of the device was modeled to hold a liquid and generate a high-speed microjet during its operation. The device used in this study employed a 1064 nm wavelength, Q-switched Nd:YAG laser that could generate pulses of 1.4 J energy and 5.5 ns duration, to ablate a 200 m thick aluminum foil. The ablation of the foil was confined on its anterior surface using a circular, 2 mm thick, BK7-glass overlay in order to enhance the ablation effects. The posterior side of the aluminum foil was firmly attached to a circular, Teflon base plate of 20 mm diameter and 1.5 mm thickness, which had a concentric, circular cavity of 5 mm inner diameter and 0.5 mm depth. A perforation of 100 m diameter and 1 mm depth was provided at the center of the base plate. The perforation originated at the bottom of the circular cavity and extended to the end of the base plate. The three parts, namely the BK7-glass, thin aluminum foil and the Teflon base plate were held tightly in a circular brass holder and the holder was fixed to an optical stand. The arrangement of the apparatus is schematically shown in Fig. 1 .
The circular cavity in the Teflon base plate held the drug/ liquid during the operation. The laser beam ablated a portion of the anterior surface of the aluminum foil to the depth of its skin, forming a foil vapor, which was in the plasma state. The foil vapor was confined between the ablated surface of the foil and the BK7 glass overlay, which enhanced the ablation effects thereby pressurizing the vapor. This pressurized vapor suddenly blew off launching a shock wave through the aluminum foil, which propagated through the foil and was partially transmitted to the liquid in the cavity of the base plate. The transmitted shock then propagated further through the liquid and, on reaching the bottom of the cavity, was transmitted to the Teflon base plate as the acoustic impedances of liquid ͑water͒ and Teflon are almost the same. While the transmitted shock wave was propagating through the Teflon, it was also propagating through the liquid in the perforation ͑100 m diameterϫ 1 mm depth͒ of the Teflon. The propagating shock wave compressed the liquid in the Teflon cavity and the perforation, and also, imparted a substantial mass motion ͑particle velocity͒ to the liquid. Further, when the shock wave reached the Teflon-air interface, an unloading/expansion wave propagated back into the Teflon and thereby into the liquid in the perforation and the cavity. This unloading wave doubled the particle velocity originally induced by the shock wave in the liquid, and the liquid held within the Teflon was driven out as a microjet at a high-speed through the perforation of 100 m diameter. The jet thus generated has a high-velocity and is capable of penetrating soft targets in the human body with minimum invasion and bleeding. The process of microjet generation is depicted in Fig. 2 .
The microjet, as it emanated from the perforation in the Teflon base plate, was visualized using a high-speed ͑1 million frames per second max. sampling rate͒, charge-coupleddevice video camera ͑Hyper-Vision HPV 1, Shimadzu Corporation, Japan͒, equipped with a suitable flashlight. Photography was done at a sampling rate of 500 kiloframes per second ͑500 kfps͒ with a spatial resolution of 312 ϫ 260 pixels. Figure 3 shows the sequential photographs of the process of evolution of the liquid microjet. Degassed water was the operating liquid in this case.
The average speed of the jet, based on its leading edge, was measured from the time resolved images, and the variation of the average jet speed with respect to distance from the base plate is plotted, as shown in Fig. 4 . The jet, at the instant of its evolution has a much higher speed, but soon decelerates to a speed of about 200 m/s. The sudden deceleration of the jet can be attributed to the resistance/drag offered by the ambient air.
The shock wave generated in a thin aluminum foil by laser ablation can be assumed to be a longitudinal compressive wave, 4 which propagates at the longitudinal speed of sound in the foil. The velocity of the shock wave U in a thin metal foil can be given by
where E is the Young's modulus, is the density and is the Poisson's ratio of the foil. For a pure aluminum foil, this velocity is ͑U͒ 6198 m/s. Confined ablation of a thin aluminum foil over a spot of 4 mm diameter on its surface using a laser beam of 0.25 GW ͑1.4 J/5.5 ns͒ power can induce a pressure of 65.3 GPa in the foil by means of a shock wave. 4 The transmission of shock wave from aluminum foil to water ͑liquid in the cavity͒ is dependent on the acoustic impedances ͑product of density and acoustic velocity of a material͒ of the two materials ͑aluminum and water͒ and when the acoustic impedances of the materials are known, the fraction of the incident wave intensity that is reflected from the interface/boundary can be calculated with the equation below
where z 1 is the acoustic impedance of aluminum ͑2700 kg/ m 3 ϫ 6198 m / s͒, z 2 is the acoustic impedance of water ͑1000 kg/ m 3 ϫ 1483 m / s͒ and R is the coefficient of reflection for the wave. The transmission coefficient for the wave is calculated by subtracting the reflection coefficient from one. For an aluminum-water interface the wave transmission coefficient is calculated to be 0.3, which means that 30% of the energy induced by the shock wave in the foil is transmitted to the water in the cavity of the base plate of the device and the energy transmitted into the water is in the form of a transmitted shock wave.
The change in density, pressure and internal energy of the material on shock compression can be determined by the Hugoniot relations, which are given below 
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Here, subscripts 1 and 2 indicate the initial state and the shock compressed state of the material, respectively; , P, and E being the density, pressure, and energy of the material, U s and u p are the shock velocity and the particle velocity, respectively, in the material. These equations describe conservation of mass, linear momentum and energy. For a material initially at atmospheric pressure, P 1 is negligible and combining with Eqs. ͑3͒ and ͑4͒, Eq. ͑5͒ reduces to
The thin aluminum foil in our case, which is shock compressed to a pressure ͑P 2 ͒ of 65.3 GPa by a laser ablation induced shock wave as described above, develops a density ratio ͑ 2 / 1 ͒ of 1.45 across the shock wave as per the pressure-density Hugoniot compression data given in Ref. 6. With the above values in Eq. ͑5͒ and assuming P 1 = 0, the energy jump across the shock wave ͑E 2 − E 1 ͒ in aluminum works out to be 3.75 MJ/kg. Based on Eq. ͑2͒, with the energy/wave transmission coefficient for the aluminum-water interface being 0.3, we can write the following expression for the energy transmission
where ͑u p ͒ w is the particle velocity in water behind the transmitted shock wave. With ͓E 2 − E 1 ͔ aluminum = 3.75 MJ/ kg, the particle velocity in water amounts to 1500 m/s. Based on the experimental data on underwater shock waves published in Ref. 7 , a particle velocity of 1500 m/s can exist behind a shock wave that has a velocity of 4610 m/s. With these values of shock and particle velocities in water, density and pressure of the shock-compressed water can be determined by Eqs. ͑3͒ and ͑4͒, respectively, which are 1482 kg/ m 3 and 6.9 GPa.
Transmission of the shock wave at the water-Teflon interface can also be analyzed using Eq. ͑2͒ and the coefficient of transmission for this interface is as high as 0.9963 ͑99.63%͒. Hence, reflection of the shock at this interface can be neglected. The transmitted shock in the Teflon also propagates through the 100 m diameter water column in the perforation and imparts the same particle velocity ͑1500 m/s͒ to the micro-water-column. When the shock reaches the end of the micro-water column in the Teflon, an unloading wave is sent back into the column, which doubles the particle velocity. 8 Hence, as per this theoretical analysis, the liquid microjet is expected to emanate from the base plate at an initial velocity of 3000 m/s. Assuming a linear trend, if the initial portion of the plot in Fig. 4 is extrapolated ͑as shown in the figure͒ to meet the y-axis which is the location of the base plate ͑x =0͒, then the velocity of the microjet at or very close to the base plate measures up to about 650 m/s, which is about 1/5 of the analytical velocity. The difference can be attributed to the viscous losses and choking effects in the 100 m diameter channel that were not considered in the analysis.
The penetrating capacity of the jet was investigated by delivering the liquid microjet into 5% gelatin models, this percentage being the weight ratio of gelatin to water. The gelatin-water mixture was heated to 60°C with stirring until the gelatin was completely dissolved in water. Liquid gelatin was then poured into transparent containers and cooled to 7°C for 2 h to form models of square geometries of dimensions 20ϫ 20ϫ 17 mm. Figure 5 shows a 5% gelatin model that has been penetrated by the liquid microjet. The observed penetration depth in the gelatin was slightly over 1 mm. The 5% gelatin used in this study models a soft tissue in the human body.
In conclusion, a laser based device for delivering liquid microjets into soft human body targets is demonstrated. The device can be used to deliver drugs/vaccines in liquid form to internal treatment sites locally in the human body. As the device is laser based, it can be miniaturized by drawing the laser beam through an optical fiber and accordingly, the lenses and the other parts of the device can be prepared in their miniature forms. On miniaturization, the device may fit into non/minimally invasive surgical devices such as endoscopes, and may find applications in drug delivery even to nonapproachable treatment sites in the human body. The analysis of the device was carried out based on the visualization of the microjet that was generated, and the ability of the jet to penetrate soft human body targets was demonstrated by delivering the jet into targets consisting of a similar consistency material, such as 5% gelatin.
